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ABSTRACT

The objective of this dissertation report is to model and analyze small
signal torsional oscillations such as Sub synchronous resonance (SSR) characteristic
of a Thyristor controlled series capacitor (TCSC) compensatéd power system .The
power system used in this study is the IEEE first benchmark model for SSR analysis.
A new model] of TCSC is used in the study which includes the complete model of the
controller. The turbine shaft, the generator and the TCSC are modeled using
linearized equations. TCSC is regulated by a simple PI controller and a phase locked
loop (PLL). ' |

The torsional characteristics are studied through eigenvalue analysis and the

results are validated through PSCAD/EMTDC simulation studies.
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Chapter1 Introduction

1.1 Introduction

In recent years, a greater demand has been placed on the transmission network, and
these demands will increase because of the increase in the number of non-utility
generators and the heightened competitions between the utilities themselves. Added to
this is the problem that it is very difficult to acquire new rights of ways. Increased
demands on transmission, absence of long term planning, and the need to provide
open access to generating companies and customers, all together have created
tendencies towards less security and reduced qualities of supplies. The FACTs
technology is essential to alleviate some but not all these difficulties by eﬁabling
utilities to get their most services from their transmission facilities and provide grid
reliability. |

The Operation of transmission parameters including series impedance, shunt
impedance, current, voltage, damping of oscillations, phase angle, etc. at various
frequencies below the rated frequency. By providing added flexibility, FACTs
controller can enable a line carry power more closely to its thermal rating.

Some of the FACTs devices are SVC, TCSC, STATCOM, SSSC, UPFEC etc.

SVC (Static var compensator) is a shunt-connected static var‘ generator or absorber
A whose output is adjusted to exchange capacitive or inductive current 50 ﬁs to maintain
'or control specific parameters of the electrical power system (typically bus voltage).
TCSC (Thyristor controlled series capacitor) is a capacitive reactance compensator
which consists of a series capacitor bank shunted by a thyristor controlled reactor in
order to provide a smoothly variable series capacitive reactance.

STATCOM (Static synchronous compensator) is a static synchronous generator
operated as a shunt-connected static var compensator whose capacitive or inductive
output current can be controlled independent of the ac system voltage. |
SSSC(Static synchronous series compensator) is a static synchronous generator

operated without an external electric energy source as a series compensator whose



output voltage is in quadrature with ,and controllable independently of ,the line
current for the purpose of increasing or decreasing the overall reactive voltage drop
across the line and thereby controlling the transmittéd electric power.

UPFC (Unified power-flow controller) is a combination of a STATCOM and a SSSC
which are coupled via a common dc link, to allow bidirectional flow of real power
between series output terminals of the SSSC and the shunt output terminals of the
STATCOM, and are controlled to provide concurrent real and reactive series line
compensation without an external electric energy source. |

Series capacitor compensation in A.C. transmission systems can yield several
benefits; such as increased power transfer capability and enhancement transient
sfability. However in long transmission line it can lead to Subsynchronous resonance
(SSR), which is a serious threat to our power system. In this dissertation we solely
study the SSR analysis of TCSC (thyristor controlled series capacitor) compensated

power system.

1.2 Subsynchronous resonance (SSR)

‘Subsynchronous resonance is an electric power system condition where the electric
network exchanges energy with a turbine generator at one or more of the natural
frequencies of the combined system below the synchronous frequenéy of the system.
Such SSR and associated turbine-generator torsional interactions are an instability in
which the large subsynchronous torques. There are many ways in whiéh the system
and the generator may interact with 'subsynchronous effects. But three are of
particular interest as Induction Generator Effect, Torsional Interaction Effect and

Transient Torque Effect.

1.2.1 Induction Generdtor Effect

Induction generator effect is caused by self-excitation of the electrical system. The
resistance of the rotor to subsynchronous current, viewed from the armature terminals,

is a negative resistance. The network also presents a resistance to these same currents



that is positive. However, if the negative resistance of the generator is greater in
magnitude than the positive resistance of the network at the system natural
frequencies, there will be sustained subsynchronous currents. This is the condition

known as the "induction generator effect."”

1.2.2 Torsional Interaction Effect

Torsional interaction occurs when the induced subsynchronous torque in the generator
is close to one of the torsional natural modes of the turbine-generator shaft. When this
happens, generator rotor oscillations will build up and this motion will induce
armature voltage components at both subsynchronous and super - synchronous
frequencies. Moreover, the induced subsynchrohous frequency voltage is phased to
sustain the subsynchronous torque. If this torque equals or exceeds the inherent
mechanical dainping of the rotating system, the system will become self-excited. This

phenomenon is called "torsional interaction."

1.2.3 Transient Torque Effect

Transient torques are those that result frem system disturbances. System disturbances
cause sudden changes in the network, resulting in sudden changes in currents that will
tend to oscillate at the natural frequencies of the network. In a transmission system
without series capacitors, these transients are always dc transients, which decay to
~ zero with a time constanf that depends on the ratio of inductance to resistance. For
networks that contain series capacitors will contain one or more oscillatory
frequencies that depend on the network capacitance as well as the inductance and
resistance. In a simple radial R-L-C system, there will be only one such natural
frequency, but in a network with many series capacitors there will be many such
"subsynchronous frequencies. If any of these subsynchronous network frequencies
coincide with one of the natural modes of a turbine-generator shaft, there can be peak
torques that are quite large since these torques are directly proportional to the

magnitude of the oscillating current. Currents due to short circuits, therefore, can



produce very large shaft torques both when the fault is applied and also when it is
cleared. In a real power system there may be many different subsynchronous
frequencies involved and the analysis is quite complex. From the viewpoint of system
analysis, it is important to note that the induction generator and torsional interaction
effects may be analyzed usiﬁg linear models, suggesting that eigenvalue analysis is
appropriate for the study of these problems. There are several analytical tools‘that
have evolved for the study of SSR. The most common of these tools will be described

briefly.

1.3.1 Frequency scan technigue

The frequency scan technique computes the equivalent resistance and inductance,
seen looking into the network from a point behind the stafor winding of a particular
generator, as a function. of frequency. Should there be a frequency at which the
inductance is zero and the resistance negative, self sustaining oscillations at that |
frequency would be expected due to induction generator effect.

It also provides information regarding possible problems with torsional interaetion
and transient torques which might be expected to occur if there is a network series
resonance or a reactance minimum that is very close to one of the shaft torsional
frequencies.

Since the frequency scan results change with different system conditions and with the
number of generators on line, many conditions need to be tested. Frequency scanning
is limited to the impedances seen at a particular point in the network, usually behind
the stator windings of a generator. The process must be repeated for different system

(switching) conditions at the terminals of each generator of interest.



1.3.2 FEigenvalue analysis

Eigenvalue analysis provides additional information regarding the system
performance. This type of analysis is perfofmed with the network and the generators
modeled in one linear system of differential equations. The results give both the

frequencies of oscillation as well as the damping of each frequency.

1.3.3 Electromagnetic Transients Program (EMTP)

The Electromagnetic Transients Program (EMTP) is a program for numerical
integration of the system differential equations. Unlike a traﬁsient stability program,
which usually models only pbsitive sequence quantities representing a perfectly
balanced system, EMTP is a full three-phase model of the system with much more
detailed models of transmission lines, cables, machines, and special devices such as
series capacitors with complex bypass switching arrangements. Moreover, the EMTP
permits nonlinear modeling of complex system components. It is, therefore, well
suited for énalyzing the transient torque SSR problems. EMTP adds important data on
the magnitude of the oscillations as well as their damping.

Flexible A.C. transmission system such as thyristor controlled series capacitor
(TCSC), offer the possibility of power flow control and suppression of SSR
instabilities through controlled series compensation. This report examines the SSR
behavior of the thyristor compensated power system using eigenvalue method and
compares the SSR performance with a fixed capacitor cémpensated system. The IEEE
first benchmark model for SSR is used as the test system for eigenvalue analysis.

The report is organized as follows: Chapter 2 describes the details about TCSC, its
characteristics. Chapter 3 contains the models. of electromechanical system and
network equations, then these individual subsystemé are combined to get overall
model of the TCSC compensated power system, and the computation of the
eigenvalues. Chapter 4 contains the results of our eigenvalue analysis and results of

PSCAD/EMTDC simulations. Finally Chapter 5 is about conclusion.



Chapter-2 Working Principle, Characteristics and modeling of TCSC
-m

2.1 Introduction

A Thyristor controlled series capacitor (TCSC) is a capacitive reactance compensator
which consists of a series capacitor bank shunted by a thyristor controlled reactor
(TCR : A shunt connected, thyristor-controlled inductor whose effective reactance is
varied iﬁ a continuous manner by partial-conduction control of the thyristor) in order
to provide a smoothly variable series capacitive reactance.TCSCs are expected to
provide many benefits for an electric power system including the increase of ‘p‘ower‘
transfer capability and transient stability as well as the mitigation of sub synchronous

resonance (SSR).

Tine: Jo. ] f -
RPRL
Ar . )
aE

Fig 2.1 Block diagram of TCSC

In the ﬂgure 2.1, Line, Ic, It, Ls, C, T7 and T, are the line current, current flowing
through the capacitor, inductor and the capacitor, the thyristors used in bidirectional _
way.

2.2 Operation of TCSC

Fig.2.2 (4 variable inductor connected in shunt with fixed capacitor)



From the system point of view TCSC (Fig. 2.2) which provides variable-series
compensation is simply to increase the fundamental-frequency voltage across a fixed
capacitor in a series compensated line through appropriate variation of firing anglea .
This enhanced voltage changes the effective value of the series-capacitive reactance.
The equivalent impedance is

N B
zeq = (-j—) || GoL) =~ j———
@ wC ——
ol

If oC _% >0, or wl > %,-the reactance of fixed capacitor is less than that of the
. 7)) ' ,

parallel connected variable reactor and this combination provides a variable capacitive
reactance. Moreover, this inductor increases the equivalent capacitive reactance of the

LC combination above that of the fixed capacitor.

If oC = 0, a resonance condition results which leads to infinite capacitive
@.

impedance. This is obviously unacceptable.

If oC _LL < 0,the LC combination provides a variable inductance above the value of
@ ,

fixed inductor. This situation corresponds to inductive Vernier mode of TCSC
operation. |

2.3 Different operating modes of a TCSC:

2.3.1 Bypassed -Thyristor Mode :

&

o L —
[ 3N S -
[
L1
1~~1
\\u CaheS B

Fig 2.3.1 Bypassed -Thyristor Mode
Thyristor are made fully conductive by a conduction angle of 180 as in Fig. 2.3.1.



As soon as the voltage across thyristor becomes zero and advances towards positive
gate pulses are applied and this results a sinusoidal flow of current through the
thyristor. That implies the net impedance is reactive. Thus the thyristor behaves as if a

parallel combination of inductor and capacitor.

2.3.2 Blocked -Thyristor Mode:

In this blocking command is given to thyristor & as soon as the current through the
thyristor reaches to 0, these turn off. This implies TCSC reduces to a capacitor. This .
is shown in Figure 2.3.2 |

Y

] —
Fig 2.3.2 Blocked -Thyristor Mode

2.3.3 Partially Conducting Thyristor (Capacitive Vernier Mode):

In this we are trying the TCSC to behave as continuous reactor or inductor. This is
achieved by varying the thyristor pair firing angle in a particular range. But a smooth
transition from inductive to capacitive is not possible because of the resonant region

between the two.

: I o
<
R
YV

Fig. 2.3.3 Partially Conducting Thyristor (Capacitive Vernier Mode)



When the voltage & current across the capacitance are in opposite direction thyristor
are fired, this causes a loop current flow which adds up with the line current through
the capacitance causing a niet capacitance voltage drop which is more than its normal
value, and this implies that we have made our TCSC to operate in a capacitive mode.
a 1s a delay angle measured from the crest of the capacitor voltage or from the zero

crossing of the line current.

2.3.4 Partially Conducting Thyristor (Inductive Vernier Mode):

Sy—

-

FLNCRES,

e

e

3
T

Fig 2.3.4 Partially Conducting Thyristor (Inductive Vernier Mode)

We can explain this mode just as opposite to previous mode. In this the loop current
flows in opposite direction. When the voltage & current across the capacitance are in
same direction thyristors are fired, this causes a loop current flow which acts in
opposite direction to the line current through the capacitance causing a net
capacitance voltage drop which is less than its normal value, this implies that we have

made our TCSC to operate in an inductive mode.



2.4 Impedance Vs Delay Angle characteristics of TCSC:

The internal operation of TCSC can be understood by the following Impedance Vs

delay angle characteristics.

N
Xc(a) :

/ Resonance: X (@)= X

od) Operation inhibited for

50 / O fiy SOEH g

-3 J

= . ' T
—— N ‘T\

g <X i ia{ ai2 a

=1 )

o

«

Q- 8

33

(S

Inductive region:

1
}
i
Capacitive. region:j
OsasSe, ! }
l

& SEET/2

|

Fig. 2.4 Impedance Vs Delay Angle characteristics of TCSC

At the resonant point, the TCSC exhibits very large impedance and results in a -
| significant voltage drop. This region is avoided by installing limits on the firing angle.
TCSC presents a constant alternating current source. As the impedance of the reactor

is Xy, (a), is varied from its maximum (infinity) towards its minimum (.a)L ),the

TCSC increases its minimum capacitiveé impedance, X qoc . = X = %, until
®

parallel resonance occurs at X, =X, (a) is established and X rese.max theoretically

becomes infinity. Decreasing X, () further, the impedance of the TCSC,Xrcsc (&)
becomes inductive, reaching its minimum value of XiX/X-Xc) at a=0, where
the capacitor is in effect bypassed by the TCR .So with the usual TCSC arrangement
in which the impedance of the TCR reactor , Xj , is smaller than of the capacitor , X,
the TCSC has 2 operating ranges around its internal circuit resonance : one is the

aCy, <= <=7/2, where Xycsc(@) is inductive. The dynamic interaction between

10



capacitor and reactor changes the operating voltage from that of the basic sine wave

established by the constant line current.

2.5 Modeling of TCSC

The fundamental frequency model of a TCSC is derived first to enable initialization

of the steady-state parameters. The voltage across the TCSC capacitorv, comprises an |
uncontrolled and a controlled component and it is presumed that the line current is
constant over one fundamental cycle in accordance with [2], [3], [8], The uncontrolled
component v, is a sine wave (unaffected by fhyristor switching) and it is also constant
over a fundamental cycle since it is directly related to the amplitude of the prevailing
line current. The controlled component v, is a nonlinear variable that depends on
circuit variables and on the TCR firing angle. In this study, the controlled component
is represented as a nonlinear function of the uncontrolled component and firing
angle,v, = N,(v;,«,s), as shown in Fig. below. With thjé approach, N,(v;,a,s)
captures the nonlinear phenomena caused by thyristor switching influence and all
internal interactions with capacitor voltage assuming only that the line current and v,
are linear. We seek in our work to study dynamics of N,(v,,a,s)in a wider frequency |

range and also to offer a simplified representation for fundamental frequency studies.

ML S » ) e | .
. LS ¥y = Ny (3y,00,5) (=
L5 T

§ - line current

¥ - lincar component of TCSC voltage

¥ = non=lincar component of TCSC voltuge
¥, - TCSC voltage

¢ ~firiog angle.

N (v, L&)~ Nonlinear part dynamics

Fig. 2. 5. TCSC model
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The following transfer function is proposed

2

2
d 5 +£+1
Vz(S)__ @ o,

=D " . 2.1)
vl (S) i+ 2Cd's +1 .
, a)d2 a, ’

Where the unknown constants are

-2
W, =
ﬂ' ltcrc

¢, =0.38cos(x) |

@, = 75{00_3(17 \/—

l,c tan 4(a)

¢, =0.2cos(a)

The model 2.5 is next transferred into state-space domain

. I
C
X, =X

2
X, - L 1—50‘1—2' X, L a)d2 —1fx, L G)ng“'—— on X, +—1—x4
. Tf @, Tf @, Tf . C_On @, Tf
Applying D-Q transformations to the above equations we got

. iy

Xop T WoXyp = X3p
) 2 2
Xyp T WoXap =@y Xip — Wy Xop — WG 3%,y

. 1 [ 1| @ 1 @B,6, G 1
X4p T QOpX 1-— +—| —4 —| 2L 28 |y —
4D 0' 40 Tf( a)n J *1p Tf [a) J T (0)2 > j 3D T X4p

n J n » f
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2.6 Voltage and current waveforms of TCSC

The ﬁgure shown below is a TCSC connected between a 3-ph source and a 3-ph-10ad.

Timed
BRKC Closed@t0)

176.78 0.468915

<<
: -
N8
s
: 1 icA
Il —
750
C i -
............................. . éh
B ‘ O — D R,
0012478 L.
A |
S
BRK |
[0}
[=%
la £
=
Ib (" icB
g [ —
750
Ic
—
aff -
AAST ; ................
0.012478 . K
. 3]
o
> :
i icC :
i —
750
4 - of
0.012478 i

Fig. 2.6 A 3-ph source connected to 3-ph load through a TCSC

AN
176.78 0468915

176.78 0.468915

The line current, current through capacitor and inductor in the capacitor mode is given

below:

14



- Fig. 2.7 Voltage and Current waveforms of TCSC in capacitive mode

In the capacitive mode, when thyristor is turned on the current through the inductor
added up with the original current flowing through the capacitor resulting a higher

voltage across the capacitor

15



Chapter-3 ‘ Modeling of TCSC compensated power system

3.1 Test system

The system for the SSR study should be modeled more in detail than that of the low
frequency oscillation study. So the complete SSR sirnulatidn system based on the y
IEEE first benchmark is employed for this study. As shown in Fig. 3.1, this system
consists of one syhchronous generator which is connected to the infinite bus through a
series compensated transmission line and a governor-turbine syste;h which is

expressed as a spring-mass system.

generator infinite bus

Fig. 3.1 Test system

3.2 Modeling of Electrical system

‘The voltage equations of the stator and rotor coils are given below,

_d;is _[RT, v, | | BERNERY
d
- dgir —[Rr ]lr =V, . (3'2)

16



v!=[-V, 0 0 0]

(R, 0 O
[R1=({0 R, ©

|0 0 R,

‘'R, 0 0 0]
(Rr]= 0 R, 0 0
_ 0 0 R 0

0 0 0 R/

The combined voltage equations (for stator and rotor) can be expressed as
d -
2 — RILY p-v

I= [L]_1 ¢
‘Where
[L]=

L

L

(R]— 'R, 0 }
0

¢ = [¢ st ¢rt] i= [ist irt] V= l:Vst Vrt]
Applying the Park’s transformation as
e fi LY=ICIf 1, Al

Where f, can be either stator voltage, current or flux linkage of the stator winding and

a can be a, b, c. [C;] is defined by

k, *cos@ k, *sin6’ k.
[C,1=] &, *cos(e———) k,*s (9——) k,

k, *cos(9——) k,*s (9——) L

- 'Wherek, ,kq,ko are constants as 1,-1,1.
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The inverse transformation is given by
[fd fq fo]t = [Cp]_l *[fa fb A
Applying Park’s transformation 3.1 can be rewritten as

d ' .
B ?JI—[Cp¢dq0] - [Rs][cp ]ldqo = [CP ]quo »

This can be written as

dg, .k . |
d¢, -k .
—Tt"—ﬁk—dgod—th:vq ‘ (34

q

Where w=60=w, in steady state .Subscript 0 indicates the value at the operating
point.

Now the stator equations can be written as

—COLP% —(1+8,)¢, —Ri; =v, | (3.5)

B

_wi pg, —(1+8,)¢, —Ri, =v, | (3.6)

B

~ The rotor electrical equations are written as (assuming machine model 1.1, [1D

. 1 ' | i
pEd'= T_0|[—Ed '_(xq —xq ')lq] (3 '7)
q
1 .
qu':'T—'[—Eq‘—(xd -x,")i, +E,] 3.8)
-+ do

So finally the electrical system state equations can be written as
x, =[4,]x, +[ByJu. +1[B,,1E,
y. =C.Jx,
where x.'=[ ¢4 9qEd E’]
u' =1V V]
v =lip ip]

Where all the unknown matrices are given in the appendix D
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3.3 Modeling of Mechanical system

at, 3 Ty &5 &,

@ E
A Ly M Ty & Dy M D5 M Dy A

WL L AL

——m N ‘ —~———_ | - |~
42 Kgs Kaq Eys Ksg

Fig.3.3 Torsional system with six masses

The mechanical system consists of rotors of generator, exciter and turbines, shafts can -
be viewed as mass-spring-damper system .The mechanical system equations can be

written as an analogy to an electrical network (RLC) network.

Defining per unit slip of a mass (M) as

g =P
wB

3
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We can express

ds, '
~=aw(S; —S;
a =SS |
s, '
2H; — L+ Dy(8, = 5,,) + Dyyes (8, = 81) 4 Dyya (Si= 8, + Ly + Ty =T = T,
dl,, _
% = Ki,i—1(Si~S,,,) @,

Where T,,, is the torque in the shaft section connecting mass i and i-1 and 2H is

analogous to a capacitance, slip analogous to voltage and torque as current. The p.u.

damping co-efficient as conductances.

The state variables for this system are given by
X, = [Sl Sy S5 84 85 Sg T, Ty T, T Tss]

The additional state variable required for writing equations for the electrical system is

o, 1.e., rotor angle corresponding to the generator rotor. The equatioﬁ for it is given

by

ds,
dt

= a)B (Sm - Smo)

Where S, is the generator rotor slip.
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The mechanical system state equation scan be written as

%y = [, 5, +B LB,

Ym =[Cylx,

Where up, is equal to the vector of mechanical torques applied at different turbine
rotors, if prime movers dynamics are not included in the equations. If turbine-

generator dynamics are to be included, u, is the input variable corresponding to the

speed reference .T. is the electromagnetic torque of the generator applied at the

generator rotor mass. -

For the 6-mass system the state vector given by

X, =[ o S Ty6e S Tise Stz Tupas _ Sipa ey Sp T Spp ]

m exc m

Where T,65,T 1565 Tipas > Tipas Trr»SmoSips»Siea»Sp are the shaft torques and the rotor

ILPA>
are slips of different rotors and & is the generator rotor angle.

Although the mechanical system equations are linear, the coupling between the
mechanical and electrical equations are non-linear .Hence it is required to linearize

the equations for small signal stability analysis..
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3.4 Controller Model

@
—»| U/(Tgstl) —»—
z/2  Delay filter @,
+
v i PLL 6
+
e s 2 - YTy st) | —»
Ve T ky+kifs > +\ > Vastl)
PI controller Delay filter

Fig.3.4 Controller model

V¢ .. Voltage across capacitor 7 --line current angle

V,e--reference voltage @ --voltage angle

@ --actual firing angle

The controller médel consists of a PI controller, PLL, series compensator and 2
transport delay model, as shown in Fig. 3.4. The PLL system is of the d-q —z type.
The state-spaée linearized second-order PLL model is developed in [11]. The PLL
synchronizes thyristor firings with the line current phase angle. For simplicity
reasons, the TCSC voltage feedback control is used where V,.¢ can be a function of
other parameters at higher control levels. Because of the thyristor firings at discrete
time instants the system is actually a sampled data system with the sampling
frequency f=360Hz. The continuous model, therefore, includes a first-order delay,
given by time constant 7,; to accommodate the phase lag introduced by sampling the
firing angle signal. The filter time constant is of the order of 2 ms, which is in line

with other studies. It should be noted that the voltage phase angle also affects the
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firing angle because the actual firing angle is measured with respect to the voltage
curve. Here, we have direct correlation across each phase, and the sampling frequency
is 1/3 of f; and, therefore, an additional lag is introduced represented by the delay
filter with. Simulation results demonstrate improvement in the response with the

introduction of this delay element.

3.4.1 Modeling of delay filter

1
=X
¢(szs+l) 7

— * ‘
QP =Tp8™ X; + %,

o= BB
Td2 TdZ

b=+ 2 (3.9)
TdZ 1;2

3.4.2 Modeling of PI controller

2 2 2
Ve =Vep Ve

Taking differential of both sides
2 AV, =2V o) AV, + 2V ) AV,

V. 12
AV, =—LOAY,_ +——;Q° AV,

VCO Co

X X
Ax, =220 Ay, + 220 Ax

40
x40 40

) X . X400 , .
Ax, = 2220 Ax,  + 2 Ax
X0 40

40
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Putting (3.26) & (3.24) in (3.25) we got

Aug = Axy, +[F][CG]AxG +‘;:)_L[[CGAG ]AxG + [CGBG ]A”G]
b

Aug = Axy, + [F][CG]AXG +::V_L[CGAG ]AxG +i[CGBG ]AuG
b

Wy

1= 2, 1| = | Do 2l o

b We
- 1-1
e | [ AT Y
L b d b
-1

Aug :( _i[CGBG]

b

T I 5 [ SRS

b b

-1
Let H = [1 -2 [c B, ]}

b

Now

Aug =[H]Ax, + [H][[F][CG]+ *elc. 4, ]} Ax, (3.27)
w

b
Putting (3.27) in (3.23) we got
Ay =[451Axg +[Bs1Aug

Ay = [Ag IArg +[B, TH Ay, +(B, ][H{[Fl[cGlﬁ—L[cGAG 1]Axc
We

Aig = [[AGJ +[Bg ][H{[J’TI[CG]+ %[CGAG ]ﬂAxG +[Bs1[H [Ax,,

b
Let

L= [[AG] +B, ][H{[F][CG ]+ :V—L[CGAG ]ﬂ
b
Axg = LAxg +[B;|H]Ax,,
From (3.15) & (3.16) the linearized network equations are
Axy, =[Ay,JAxy, +[Dy,1Axy, + [BNI]AuNl +[ By, |Any,

Axy, =[Ayy 1A%y, +[ Dy, 10y, +[Cy JAuy, +[Cy, JAuy,
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Auy, = Ayg
Asiy, = Ay,
Ayg = [CG ]AxG
Ayg = [CG ]MG
Auy, = [CG ]AxG

Aty = [CG ]Aic

~where

Ay, =[4y,10xy, +[Dy,18xy, +[By,1Cq JAxg +[B,, 1C, [LAX, +[B,)[H ]Ax,, ]

Ay, = [ Ay, 1A%y, +[Dy, 1A%y, +[Cyy [[Cq|Ax, +[Cyy ][CG ][LAxG +[Bg1H ]Axm]

Ay, =[Ay18%y, +[Dy, 1Ay, +[By, ][CG ]A’CG +[B,,1[Cs lLAx; +[By, ][CG IB, 1[4 JAx,,
Ay, =[Ay, JAxy, +[Dy, 1A%y, +[Cy, [Cq JAxs +ICy, [Co JLAX G +[Cy, 1C, B, TH X,

Aty = [[AG] ] [FIC, 1+ 2o, ]ﬂ% B lH ey

Ay, =[[By, 1[Co ]+ [By, l[Ce JLAX, + [[ANI 1+[By, ][CG IBG ][H]]Axm +[Dy 1A%y,
Ay, = [ [Co 1+ [CooTICo JeAxs +[[Dy 1+ [C, JCo I B HE Tk, + 4y 1A%,

Now the combined state model of generator and network is

wo] ||l Fe) 2l wa 6],
[Ax} (B BdCol] BB AT [D,]| a5,
Axy, [CyCs]+ICy,Cs ] [Dy,1+[Cy, 1Co I B 1H]] [AN?,] | Axy,

Now the final system equations can be written as

Ax, =[4, ]Axr

t 14 t ¢
where Xr= [XG XN1 xN2]
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Chapter-4 Results

4.1 Introduction

The IEEE working group on Subsynchronous Resonance has introduced one
benchmark model for time-domain simulation of turbogenerator torsional oscillations |
[1].Here Eigen value analysis approach is taken for investigation of small signal
torsional oscillations. The results of this analysis is presentéd in 4.2 in 2 parts as 4.2.1
,in which results were taken with fixed capacitor as the series compensating device
and 4.2.2 , in which results were taken with TCSC. the series compensating device .
The PSCAD/EMTDC simulation results are given in 4.3.1 with capacitor and in 4.3.2
with a TCSC. |

4.2 Eigen value argalvsis for SSR

4.2.1 With fixed capacitor

Some of the critical eigen values of the complete system with series capacitor as the
compensating device are listed in Table 4.1 for a series compensation level of

X.=0.39. For this level, a steady-state operating point is chosen in which the

machine operates with a power factor of 0.9 while delivering a power of 0.7 per unit.
The infinite system voltage is 478 kV. With capacitor as the series device, real part of
the eigenvalues corresponding to various torsional modal frequencies vary in
magnitude and becomes unstable as the line series compensation changes. As the
level of compensation increases, the oscillation frequency of the subsynchronous '
electrical mode decreases. In fact it can be seen that this mode approaches one of the
torsional modes 'for various compensation levels. It is well known that SSR manifests
when frequency of the electrical mode nears or coincides with one of the torsional

modes. At the particular compensation level given in table 4.1 modes 5,4,3,2,1 are
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unstable. It is also interesting to note that at compensation levels that cause SSR, the

subsynchronous electrical mode has increased damping.

Table 4.1 Eigenvalues of the capacitor compensated system for compensation level of

X, =039

Modes

Super sync. | -4.43%j625.5
Sub sync. -3.841j141.6
Mode 0 -1.224j10.21
Mode 1 0.104599.98
Mode 2 0.57+j127.10
Mode 3 0.02+j160.38
Mode 4 0+;202.81
Mode 5 0+j298.18

4.2.2 With TCSC

The TCSC parameters are 'adjusted in such way that with the nominal operating point
(at 76deg) the compensation level 50%. The parameters of the TCSC are given in
Table A.3 in appendix A. As seen from Table 4.3, all the eigenvalues are having
negative real parts. The controller parameter selected are K,= -0.008 and K; =0.17.
Table 4.4 shows the eigenvalues of the complete system with K = -0.1 and K; = 0.3.
Some of the torsional modes unstable in this case. The dampings of the electrical

modes are less compared to a capacitor compensated system.
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Table 4.2 Critical Modes of TCSC compensated system for compensation level of

X pese =0.37

Mode 5

Modes
Super sync. | -8.0+j477.7
Subsync. | -5.13+j276.3
Mode 0 -1.224j9.8
Mode 1 -0.19+£j98.406
Mode 2 -0.574j127.10
Mode 3 -0.174j160.44
Mode 4 -0.054j202.75
~-0.18+j298.18
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4.3 PSCAD/EMTDC results for SSR

4.3.1 with fixed Capacitor as series compensator

-0.1

HP to IP torque
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A e e e

[ = - B B o BEE |
'
o
=N

1 ! 1 N [ L 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Time in seconds

Fig.4.3.1.1 HP to IP torque

1 T T T T T T T
IP to LPA torque
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0.6
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Fig.4.3.1.2 IP to LPA torque
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Fig. 4.3.1.4 LPB to Generator torque
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Fig 4.3.1.8 Electric torque negative
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Real power output
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Fig 4.3.1.9 Real power output
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Fig.4.3.1.10 Voltage across capacitor in ph-A
The results obtained above are obtained by changing the compensation level i.e., by

changing the voltage across the capacitor done by changing the value of capacitor.
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Fig 4.3.2.4 LPB to generator torque
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Real power output
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Fig.4.3.2.10 Voltage across capacitor in ph-A
The results obtained above are by changing the compensation level i.e., by changing

the voltage across the capacitor done by changing the reference voltage.
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Chapter-5 CONCLUSION

This dissertation report presents a systematic study of small signal torsional -
characteristics of a TCSC compensated power system. IEEE first benchmark model is
selected as the test system for the studies. A new model of TCSC is used in the study
which includes the complete model of the controller and also model of the PLL is .
included in the modeling of the controller. The voltage across TCSC is taken as the
feedback signal of the controller. The eigenvalue analysis shows that with suitable
values of the PI controller and controlling the parameters of a PLL, a TCSC can damp
the torsional oscillations in a series compensated power system. The results are

compared with PSCAD/EMTDC simulation results.

43



APPENDIX-A

TEST SYSTEM PARAMETERS, TCSC AND .

IT’S CONTROLLER’S DATA

Table A.1 Electrical Parameters of the test system

Parameters Values Parameters Values
R 0.02 ohm Xy 0.169
Xt 0.14 Tao’ 4.3
XL 0.5 Xq 1.71
| Kays 0.06 Xg 0.228
Tqo’ 0.85

TableA.2 Parameters of the turbine shaft system

Mass Inertia constant(H) | Shaft section Spring constant
HP 0.092897 HP-IP 19303

IP 0.155589 IP-LPA 34.929

LPA 0.855867 LPA-LPB 52.038

LPB 0.884215 LPB-GEN 70.858

GEN 0.868495 GEN-EXC 2.822

EXC 0.0342165
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Table A.3 TCSC and TCSC controller data.

JTCSC data (at nominal point)
C 42 ul
Lrer 0.043 H
Fir. angle |78
TCSC Controller data
k., -0.008 rad/kV
K; ' -0.17rad/(kVs)
Ty 1/220s
T2 1/1400s
PLL k, 20
T; 0.03 s
T, 0.0095 s
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APPENDIX-B

CALCULATION OF INITIAL CONDITIONS

The stator and rotor flux linkages are given by
Wa =Xglg + Xl

Wy =Xyly+Xsi,

W‘I - quq + xaqlg

V/g = xaqzq + xglg

Solving B.2 and B.4
i, =L ety
Xr s
X
ig = Wg - lq
xg xg

Substituting Eq.B.5 and B.6 in B.1 and B.3 respectively, we get

— LI L
W, =X, zq+Ed

where
' x2ad
Xa =Xg —
Xs
2
X ag
'— —_—
Xg = Xq x
g
E ] xad'//f
7 X
S/
E ' _xaql//g
)=
X

(B.1)
(B.2)
(B.3)

(B.4)

(B.5)

(B.6)

B.7)
(B.-8)

(B.9)

(B.10)

(B.11)

(B.12)
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The voltage equations for rotor are

1 dy, .

————=—Ri, +vV

w, dt sty TVr
d

L Wgz_Rgig

w, dt - '

Substituting B.5 and B.11 in B.13, we get

| x, dE,' RES R;x, .
w, X, dt X4 X,
dE' w.R x 2 x
qg _ b ad _ : ad
7l { Eq'+——x zd+_R v,
! s !
Llg, Ya+Ep]
=_T_,—Eq+(xd—xd)ld+Efd
0
where
_xad
Efd_R Vs
f
X
T, '= f
wbe

Now considering the stator equations
] . -
E '+x,'i,'-R,i, =v,
E,'—x,'i,-R,i; =v,

If transient saliency is neglected by letting

We can combine B.20 and B.21 into a single complex equation given by

(E,"+JE, )= (R, + px'Ni, + jig)=v, + jv,

(B.13)

(B.14)

(B.15)
(B.16)

(B.17)

(B:18)

(B.19)

(B.20)
(B.21)

(B.22)

(B.23)

The above equation represents an equivalent circuit of the stator shown in fig.6.2

(a).This shows a voltage source (E,"+/E,') behind equivalent impedance (R, + jix').
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The variables (D-Q) in Kron’s frame of reference are related to the variables (d-q) in

Park’s frame of reference by

(fo+ ifn)=f, + if )" \ (B.24)
where f can represent voltage or current. Applying B.24 to B.23, we get
(B +1E5")~ R, + jxig + jin)=ve + v (B.25)

B.25 also represents an equivalent circuit of the stator shown in fig.6.2.

B, +Bq Vgtiva

Eq+jEp VotiVo

Fig 6.2(b)

Fig.6.2 Stator equivalent circuits
It is assumed that the external network connecting the generator"terminals to the

infinite bus is linear two ports. Whatever may be the configuration of the external

network, it can be represented by the two port network parameters. As only the first
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port, connected to the generator terminals is of interest, the voltage there can be

expressed as

I}z =2 +h12Eb (B.26)
Ju

~ Where v, 1s the short circuit self admittance of the network, measured at the generator
terminals,/;, is open circuit voltage gain .For a simple network consisting of only
series impedance (R, +iX,) ,it is not difficult to see that |

R, (B.27)
i :

In general case, let

L Zp + jz,,h, = h, + jh, ’ (B.28)
Yn .

Eq.B.26 can be expressed as .

(vq + jv, )ef" =(zR +jz,)(iq + ji, )ef‘g +(h1 + jh, )E, (B.29)

Multiplying both sides by e/ ;we get

(vq +jvd)= (Z’? +jz,)(iq +jia,)+(h1 +th)Ebe"j‘S (B.30)
Equating real and imaginary parts, we get

v, = z4l, —2,i; +Ey 08 +h,E, sin S . (B.3D)
Vg =z, +zpi, + E, cosé —hE,sind A (B.32)

The simplest external network is a series impedance (R, +jX,) .If Re=0, then

ZR=0, Zi=Xe, h1=1.0, h2=0 (B33)
Substituting these values in B.31 and B.32 we get

v, =—X,i; +E,cosd (B.34)
v, =x,i, —E,sing . (B.35)

If R,=0, the substitution of above equation in B.20 and B.21 gives
. _E,cos6—-E'
T )

(B.36)
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. _Esins+E,’
. (xe+xq')

Equations B.36 and B.37 can be substituted in eq.B.17 to eliminate the non-state

(B.37)

variables and express the equations in the form

Xy = fon(Xpstt,) (B.38)

Where
x =6 s, E' E,
um’=[Efd Tm]

The system equations B.38 are nonlinear and have to be solved numerically. In
solving these equations it is to be assumed that the system is at a stable equilibrium
point till time t=0, and a disturbance occurs at t=0 or later. It is necessary to calculate
the initial conditions x; at time t=0 based on the system operating point determined
from load (power) flow.

From power flow calculations in steady state, we get the real and reactive power (P,
and Q) the voltage magnitude (V,) and angle (&) at the generator terminals .Here &
is the angle w.r.to. infinite bus.

In the steady state, the derivative of all state variables, x =0 .From this condition, we

get

E'=E 4o+ (xd -x, ')ido (B.39)
E,'= -—(xq -x, I (B.40)
Too =T = Eg'iye + Eso"iao + (%", Yaoko (B.41)

In the above equations, the subscript 0 indicates the operating values.
Substituting B.39 and B.40 in B.20 and B.21, we got
E o+ X400 —Ryig =V (B.42)

—Xglgo — Rolso = Vao o (B.43)
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From above one can obtain

B + (v =%, a0 = (Vg0 + Va0 )+ Ry + e, Nigo + Jiao )= Vie ™ =8+ (R, + jx, M &7

(B.44)
Defining A
E,£8=V,+(R, + jx, )ia (B.45)
We can express
E o= qu = (xd — Xy ).do (B.46)

Now the procedure for the computation for initial conditions is given below
1. Compute 1, from
n P —
IaO =Ia04¢0 = £ leO
_ Vied— 6,
2. Compute E,, and &, from
quéa = V;OABO + (Ra + jxq )Ia04¢0

3. Compute

Ljp =Lag Sin(50 —¢o)

lo =1g0 cos(50 —¢0)
 Vao =V 5in(8, - 6,)
Vo =V 005(50 - 90)

4. Compute

Efdo = qu - (xd — X, )ido
E,'=Eq + (xd — X4 ')ido
E,'= —(xq — X, ')iqo

The generator terminal voltage angle 6, can be obtained from

_VoE, sin 6,
R+ jx,

P

t
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_Vi—E, 20
R+ jx,

I

a

E =VL6,+ jx,1,
magnitude_of_Eg = abs (Eq)
delta =angle (Eq)

1,, =1, sin(delta — theta0)
1, =1, cos(delta - thétaO)
Ede = qu - (X4 -Xq)idO

Eq()_dash =Epo +(Xq - X 4 dash Mg

t

d0_dash — _(Xq - X4 dash )qu

s

— *
iDO Xd_dash Ido + EqO_dash

@l

= * -
iQ0 Xq_dash- Iq() E d0_dash
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APPENDIX-C AC SYSTEM MODEL TRANSFORMATION

FROM abc TO DQO0 CORDINATE

A single phase 7 equivalent of a transmission line is shown in fig. C.1 .However it is
to be noted that the co-efficient matrices, inductance [L], resistance [R] and
capacitance [C] are all 3x 3 matrices. These are defined as

L, L, L, R. R, R, c, C, C,
L]=|L, L, L,|[R]=|R, R, R,|[C]=|C, C, C,
L, L L R, R R, c, C, C,
i [R] (L] iy
=== W——™ o
—»
i
iy 100 12[C) ¥ V2
O— ®)

Fig.C.1 A single phase 7 equivalent of a transmission line

The network equations are

di .
[} [RE = v -, (C.1)
el (C2)
lradv, . .
lCh =i C3)

where vi,v,,ip,1; are 3-dimensional vectors, with phase variables as elements. For
example

I = [ia z.b lc]
vll = [vla_ Vip vlc]

Vzt = [Vza Vb v2c]
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If generator is described by variables in d-q components, using

Park’s transformation, it stands to reason that the external network equations should
also be expressed in d-q components. HoWevér, there is one problem and that is
Park’s transformation is not unique and each generator has individual d-q components
(corresponding to the individual transformation).

For a-connected network, it is obvious that the entire network is to be transformed
using a single transformation with reference to a comnion, synchionously rotating

reference frame. Such transformation is termed as Kron’s transformation defined as

1
cos& sin &6 —
0 o, \/5
Ja 2 27 2z 1 Jo
Jo =4l cos(@o —_) Sin(go __) —= | fo :[CKlfDQO
3 3 3) 2
/: cos(B +2—7[) sin(ﬂ —2—ﬂ) —1— f
) ) 7
fo
where f,,, = | Jo
Jo

It is to be noted that f can be any variable, voltage or current. 6, is defined as
6, = a)ot-+ 4

where w, is the average (synchronous frequency) in the network in the steady state
and y is constant. There is 1o loss of generality if y is assumed to be zero. The
difference between Kron’s and Park’s transformation lies in 8, being replaced by &
in Park’s transformation. @ is defined by

0 =aw,t+o

It is to be noted that & is dependent on the generator and not a common variable. [C]
1s defined such that

[CK ]-IZ[CK ]t

In other words, [CK] is an orthogonal matrix and satisfies the condition for a power

invariant transformation.
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The relationship between [C,] and [CK] is given by
[c; ]=lCi ]17]

_ cosé. siné 0
where [T;]=|-siné cosé 0
0 0 1

It is to be noted that [T}] is also an orthogonal matrix .Actually, [7;] defines the

transformation between Park’s and Kron’s variables, as

fo fa
£ =] 7,
fo f0

where fy,f; are Park’s components and fp,fp are Kron’s components (with respect to) a
synchronously rotating reference frame).Note that subscripts D, Q are associated with
Kron’s transformation. This convection will be followed throughout.

Apply Kron’s transformation to C.1, C.2, C.3 results in (expressing only positive and
negative sequence) - ‘

di ) .
L ——dD +@oLijiy +Rip =v,p—Vp
1

diQ . .
L, P oy Liiy, + Rty =v,,—v,,

%Cl %’3— + 220— Civag =ip—isp
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APPENDIX-D | SUB SYSTEMS MATRICES

The non-zero elements of [4.] are given by

: _ *
A4,(1,1) = JL'&
X4
Ae(lﬁz) = —a)b
*
Ae(1’4) = Ra—'a)_b
X4
A,(2,1)=w,
5
4,(2,2) = - 342_~'w_b
q
#
4,023) = -2
q
__L* X‘l _
4,3,2)= -*(—-D
Tqﬂ Xq
X
Ae(3’3)=— ,*q '
TqO Xq
A, (A1) =~ * ()
Tpo! X,
X
Ae(4:4):_—%
Ty X,

The non-zero elements of /B,,/ are functions of & given by
B, (L]) =-m, *cosd

B, (1,2) = -, *sin&

B, (2)) = -, *sind

B, (2,2)=-w, *coso

"The non-zero element of the column vector [Be,] are

1
T,

(]

BeZ =
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Also the non-zero elements of /C,/ are functions of & given by

Ce(l,]) = —Ce(1,4) = °°S'5
d
sin o
Ce(1,2) = Ce(1,3) = —
q
" Ce(2)]) = —Ce(2,4) = — Sm'&
Xa
coso

Ce(2,2) = —Ce(2,3) =

1
q

The non-zero elements of [B,,| are

B, (L) =w,*v,

B,2)=a,*v,
B,(1,2)=w, *¢,
B;3(2,2) =, * ¢,

ACe

(Cal=l5s

][xe() 0]3

Now the non-zero elements of [A,,] are
AL (1,4) =,

Am(2,2)=-D,. IQ*H,.);

An (2,3)=1/(2*H_,)

AL G, 2) =-Kige* W,

An(B,H)=-K__;
An@,49)=-D,/(2*H,);

Ay, 4,5)=1/(2*H,);

An(5,4)=K,,

Ay (5,6) =Ky, *

A (6, 6) =—D,, [(2*H )



Am (65 7) z_l/(Z*Hrpb)
An(7,6)=K,, *a,
An(7,8)=-K,, *a,

An(8,8)=-D, /(2*H,,)

-
An(8,9)=-1/2*H,,)
An(9,8)=K, *w,

An (9, 10) =-j<,.,*w,,

- An (10,10)=-D, /(2*H,)
An (10, 11)=—1/2*H,)
An(11,10)=-K, * @,
An(11,12)=-K, *a,
An(12,12)=-D, /(2*H,)

The column vector B’ is

000 ——
2H

0 000 0 0 0 0]

m

Where [C ]a row vector is whose elements are

X.-xX '
Cru) =2y 1 B
X, "X, Xq
X,—-X ' E !
Cme(2)=( d,* q,)¢d0+ qO'
X,*X, X,
Cme(3)= ¢d0
X,
C, (=2
Xd
Where
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1

7,

ANI: S ]
a) —_—

b T_f

Where the non-zero components of the unknown coefficients are

D ,,=zeros (2, 11)

2
D 14,1 =%*(l"&

S wnz
D, (1,3)= _L*(l__ai
N1 ’ Tf a)n2

2

D, (2,2)= _1_*(1__@:1_2
Tf a)n
1 2
D, 2,4)= —*(1"wdz)
I, @,
_ 1, di*a, &,
D, (1,4)= ‘]‘,;*(‘d?d‘—‘az)
1 *w
D, (2,6)= ’T_*(‘é’d_zd‘—g‘)
f @, @,

B ,, =zeros (2, 2)
B, =zeros (2, 2)
A ,,=zeros (11, 11)
A,, (3,5=1

Ay, 4,6)=1

Ay, G D=a,
A, 6,2)=0
Ay, 5,3 =0,
Ay, 6,H=0,
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A,, (5,5)=-a, * zetaD
A, (6, 6) =—a, *zetaD
Ay (1,7) =1/T sz

Ay 8,9 =K,u

ANZ (9’ 8) =Kisplltc
AN 2 (9’ 9) ='Kisplltc

A (11,7) =;1_

dl

Ay (11, 8) =-TL

dl

A (11, 9) =-_1}_

dl

1
An (11,10) =

dl

| .
Aw (11, 11) =

dl

D, =zeros (11, 2)

X4
Dnz (751) = 2Q0 Y
Ty, (xwo + X400 )

X
D,,(1,2)= 409
szICwoz + x4Q02 )

: a )
- D,,(10,1)= ._”x“i_,_Kp ®, 400 +X, *4po
5 Xao X40 X4

K, x : x
D, ,(10,2)= [_p_ 400 “K,m, X4Do +K, 490}

5 4 X4 X40
C = zeros (11, 2)
Cyn (1, 1)=1/k
Cym 2,2)=1/k



K. . *I
Cun G, 1) = .ipgw 2

2
ip” +i,

K. T
Cpo (9 1)= —tle"00

11,2+15'Q2
K. . *I
Cw 8,2)= ,W;kc ; 12)0
in” +i,
K., *I
Cym 0,2)= _.'ﬁm—.lz)o'
ip” +ig
K. *i
C,, (10,1)= —— i o

sqrt(iD2 +iQ2)

C 10, 1)=— -
m ) .sn;[rt(iD2 +iQZ)

C,,=zeros (11, 2)

K *i
C,, (10, 1)=———£_2
wa ( ) sqrt(iD2 +i92_)

K *i
Cy, (10,2) =~ .pleO. 2
sqrt(i, +1i, )

Ae BeZ*Cm
4 =
¢ |B,*C A

Bg:[Belt 0]
c,=[c, o c, C,]
_ oy -
Ag+Bg*H*(F*Cg+w—I*Cg*Ag) B,*H zeros(16,11)
b
X
4, = an*Cg*Bg*(H*(F*Cg+—’*Cg*A_g)) Ay +B,*C,*B, *H D,
b
X
an*Cg*Bg*H*(F*Cg+—’—*Cg*Ag) D,+C,*C,*B,*H 4,
- b
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